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Summary
Notch signaling has been shown over the past few decades to
play fundamental roles in a plethora of developmental processes
in an evolutionarily conserved fashion. Notch-mediated cell-to-
cell signaling is involved in many aspects of embryonic
development and control of tissue homeostasis in a variety of
adult tissues, and regulates stem cell maintenance, cell
differentiation and cellular homeostasis. The focus of this Review
is the role of Notch signaling in stem cells, comparing insights
from flies, fish and mice to highlight similarities, as well as
differences, between species, tissues and stem cell
compartments.
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Introduction
Stem cells and Notch signaling – from simplicity to
complexity
Tissue stems cells (SCs) exist in most embryonic and adult
organisms, and are generally defined as cells having self-renewing
capacity, as well as the ability to generate all cell types of a given
organ. During development, they give rise to all lineages of the
particular tissue, whereas in the adult they are responsible for
maintaining tissue homeostasis and can be activated after injury in
order to regenerate damaged tissues. The balance between self-
renewal and differentiation is under stringent control to allow
proper development and avoid uncontrolled growth, which in its
severest form can lead to cancer. Extensive research on somatic
SCs has revealed that these processes are regulated by a limited
number of evolutionary conserved signaling cascades – one of
which is the Notch signaling pathway (Box 1 and Table 1). In this
Review, we describe the functional implications of the Notch
cascade in SCs of different self-renewing tissues, contrasting and
comparing different species. Although Notch function has been
implicated in many tissues, we focus here primarily on the nervous
system, muscle, intestine and the hematopoietic system, where the
pathway has proven to be particularly important for the
development of SCs, their maintenance and/or function.
The Notch signaling pathway is highly context and tissue
specific
The Notch cascade has a unique mode of action and has been
recognized as one of a few signaling pathways that are repeatedly
used in multiple developmental processes in embryonic and adult
tissues. The details of the signaling mechanism have been
comprehensively reviewed previously (see Bray, 2006; Kopan and
Ilagan, 2009; Fortini, 2012). A simplified summary of the Notch
pathway is given in Box 1 and Fig. 1. Despite the apparent simplicity
of this pathway, or maybe because of it, Notch receptors and ligands
are influenced by a broad spectrum of post-translational
modifications and other cellular processes that strongly modulate
Notch pathway activity in specific developmental contexts. It is this
context specificity of Notch activation that dictates the specific
process or function triggered, such as differentiation, proliferation or
apoptotic events. This context-dependent Notch activity can therefore
drive numerous aspects of the development of multicellular
eukaryotic organisms, and has recently been linked to stem cell fate
and maintenance in embryonic and adult tissues (Liu et al., 2010a;
Bigas and Espinosa, 2012).
The nervous system
Notch in neural SC development and cell fate decisions
Studies in Drosophila have frequently given rise to important
paradigms for self-renewal and differentiation processes in
vertebrates. Indeed, the first evidence that Notch signaling might
be involved in regulating neural SCs (NSCs) and downstream
lineage decisions came from early studies in fruit flies. During the
development of the central and peripheral nervous systems (CNS,
PNS) of Drosophila, Notch signaling specifies individual cells
among an equipotent cluster in the ectoderm to become neural
progenitors: neuroblasts (NBs) in the CNS (Artavanis-Tsakonas et
al., 1991) or sensory organ precursor (SOP) cells in the PNS
(Furukawa et al., 1992; Schweisguth and Posakony, 1992).
Segregation of NB and SOP cell lineages is initiated by a stochastic
event that results in individual cells that express higher levels of
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Box 1. An overview of the Notch pathway
The canonical Notch pathway uses paracrine cell-to-cell contact and
converts this interaction directly into changes of gene expression.
Notch signaling is initiated through the interaction of a receptor on
the signal-receiving cell and a ligand on the neighboring signal-
sending cell (see Table 1 for receptors, ligands and DNA-binding
components of different specie). Upon binding to any of the Delta-
Serrate LAG2 (DSL) ligands, the Notch receptor is activated by a
cascade of proteolytic cleavages (Bray, 2006; Kopan and Ilagan,
2009). Crucially, -secretase-mediated release of the Notch
intracellular domain (NICD) from the cell membrane results in its
translocation into the nucleus to induce target gene transcription,
via interactions with DNA-binding proteins of the CSL family (CBF1
or RBPJ in humans; Suppressor of hairless [Su(H)] in Drososphila;
LAG in Caenorhabitis elegans; RBP-J in the mouse) (Table 1) (Bray,
2006). Although there are multiple Notch target genes, the best-
characterized are the basic helix-loop-helix (bHLH) transcriptional
repressors of the Hairy enhancer of split (Hes) and Hairy-related (Hrt)
protein families (Iso et al., 2003).
In recent years, there has been increasing evidence of Notch
signaling events, which neither require the classical DSL ligands nor
the CSL transcriptional mediator complex. In addition, other non-
canonical signals such as signal transduction without receptor
cleavage or crosstalk with other signaling pathways have gained
more interest. An in depth discussion of these non-canonical
mechanisms is beyond the scope of this Review but can be found
elsewhere (Heitzler, 2010).
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the Notch ligand Delta compared with their neighbors. Thereafter,
activation of the Notch cascade in these surrounding cells leads to
the repression of proneural genes in the presumptive non-neuronal
cell. As Delta expression is itself regulated by proneural
transcription factors, this creates a feedback loop that maintains
proneural gene expression in the Delta-expressing cell, and no
expression of these factors in the neighboring non-neuronal cells
(Artavanis-Tsakonas et al., 1991; Bray, 1998). In developing
embryos that lack Notch function, all the cells within the proneural
cluster develop into NBs or SOP cells, thus presenting a neurogenic
phenotype (Poulson, 1937; Knust and Campos-Ortega, 1989). As
fate specification is mediated via cell-to-cell signaling between
adjacent cells, this process is referred to as ‘lateral inhibition’ or
‘lateral cell fate specification’ (Fig. 2A).
These early studies showed that Notch functions to specify a
specific cell fate between equipotent cells that could adopt at least
two fates. However, it also fostered the view that Notch might have
the potential to inhibit differentiation and thereby preserve stem or
progenitor cells. In agreement with this, overexpression of Delta 1
in early Xenopus embryos (Coffman et al., 1993) or in the
developing chick retina (Henrique et al., 1997) inhibited neuron
production, while expression of a dominant-negative form of Delta
1 caused excess production of neurons (Austin et al., 1995; Chitnis
et al., 1995; Henrique et al., 1995; Henrique et al., 1997).
Activation of Notch signaling in rat retinal progenitors also
inhibited differentiation but induced expression of Müller glia
markers and caused abnormal growth (Bao and Cepko, 1997),
suggesting that Notch may block neuronal differentiation, but
promotes proliferation as well as some aspects of glial
differentiation (see below). These were among the first studies in
vertebrates to show that Delta-Notch signaling controls the ‘choice’
of a cell to remain as a progenitor or to differentiate into a neuron.
More recent analyses in the vertebrate retina have expanded on
these earlier observations to introduce a spatial component to our
understanding of how Notch signaling is regulated (see Box 2).
Additional evidence supporting the proposal that Notch
signaling inhibits neuronal differentiation is derived from
conditional genetic loss- and gain-of-function approaches in the
developing mouse brain. Conditional inactivation of Notch1 in the
midbrain-hindbrain region of the neural tube results in precocious
neural differentiation followed by apoptosis, reducing the number
of neurons in the cerebellum. Formation of glial cells is also
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Fig. 1. Canonical Notch signaling. A Notch ligand expressed on the surface of a signal-sending cell interacts with a Notch receptor on the signal-
receiving cell, triggering Notch receptor activation (1). The E3 ubiquitin ligase mindbomb 1 (Mib1) promotes ligand endocytosis and is required for
efficient Notch receptor activation (2). The trans-interaction between ligand and receptor induces two consecutive proteolytic cleavages of the
heterodimeric Notch receptor (3). The first cleavage is mediated by the metalloprotease ADAM10/17 (S2 cleavage), followed by a second cleavage
through the -secretase complex (S3 cleavage). These cleavages lead to the generation of a free intracellular domain (NICD), which translocates to
the nucleus of the signal-receiving cell (4). In the absence of NICD (5), a transcriptional repressor complex composed of CSL and additional co-
repressors (CoR), such as N-CoR, keeps Notch target genes silent. The interaction of NICD with CSL (6) dissociates the repressor complex and leads
to the recruitment of MAML and additional co-activators (CoA, e.g. p300) to the complex. The assembly of this transcriptional activation complex
on the promoter regions of Notch target genes leads to an upregulation of gene expression.
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affected (Lütolf et al., 2002). Likewise, loss of progenitors and
premature differentiation was noticed in mice with conditional
ablation of either Notch1 or RBP-J in neural progenitors (Yang et
al., 2004; Imayoshi et al., 2010). A similar phenotype was also
observed upon neocortex-specific inactivation of mindbomb, an E3
ubiquitin ligase necessary for ligand internalization in signal-
sending cells and Notch activation upon ligand-receptor interaction
(Itoh et al., 2003; Koo et al., 2005; Yoon et al., 2008a). The
combined results of all these Notch pathway mutants support the
classic view that Notch functions to inhibit neural differentiation,
thereby preserving the neural stem/progenitor pool during brain
development.
Reciprocal gain-of-function experiments expressing a dominant-
active form of Notch1 or target genes of the Hes family (Hes1,
Hes5, Hey1 or Hey2) in the developing forebrain of the mouse not
only confirmed that Notch signaling inhibits neuronal
differentiation, but also revealed its ability to promote a glial cell
fate (Ishibashi et al., 1994; Gaiano et al., 2000; Ohtsuka et al.,
2001; Sakamoto et al., 2003). Postnatal analysis of mice in which
Notch was ectopically activated during embryonic brain
development revealed the presence of dispersed and periventricular
astrocytes, suggesting that after inhibiting differentiation, Notch
might function instructively to promote the astrocyte lineage
(Gaiano et al., 2000; Chambers et al., 2001). Impaired gliogenesis
in Rbpj mutant mice (Taylor et al., 2007) and additional work in
fish and mice indicate that Notch indeed promotes the astroglia
lineage, while oligodendrocyte differentiation is inhibited (Wang et
al., 1998; Grandbarbe et al., 2003; Park and Appel, 2003) – a role
that is apparently independent of Notch function in the
maintenance of undifferentiated neuronal progenitors. Yet, whether
Notch specifies a bipotent glial progenitor to adopt an astroglial, as
opposed to oligodendrocyte, fate (Grandbarbe et al., 2003) is
currently unclear (see below). By contrast, work from zebrafish
showed that conditional expression of a dominant-active Notch
promotes the formation of excess oligodendrocyte progenitors in
the ventral spinal cord. This suggests that Notch promotes
oligodendrocyte precursor cell fate but inhibits subsequent terminal
differentiation (Park and Appel, 2003) (Fig. 2B).
Together, these data demonstrate that Notch functions at
different levels and at different times during CNS development.
Initially, Notch promotes precursor proliferation and inhibits
neuronal differentiation while promoting glial cell fate.
Subsequently, Notch promotes differentiation of astrocytes and
inhibits terminal differentiation of oligodendrocytes (Fig. 2B).
Although these basic functions apply in all vertebrates, there do
appear to be species-specific differences in the precise roles of
the pathway in regulating cell proliferation and fate (see
Table 2A,B).
Notch, asymmetric division and binary decisions
In addition to confirming the importance of Notch in self-renewal
and lineage specification, early work in Drosophila established its
role in asymmetric cell division, and how this links to fate choice.
In this context, asymmetric cell division defines a process in which
the unequal distribution of cell fate determinants results in the
generation of daughter cells with two different fates or properties
(Neumüller and Knoblich, 2009). One of the classical examples is
in the PNS of Drosophila. Once a SOP cell has been generated
within the proneural cluster in the ectoderm, it undergoes three
rounds of asymmetric cell division to form the different cell types
of a sensory bristle (Bardin et al., 2004). Asymmetric Notch
signaling is essential for inducing binary cell fate decisions in the
PNS; these fate choices are concomitantly regulated through
asymmetric distribution of the Notch inhibitor Numb (Jan and Jan,
1994) (Fig. 3A,B).
These and other results led to the general paradigm that Notch
influences binary cell fate decisions from bi-potent progenitor cells.
However, a recent study in the developing zebrafish brain (Dong
et al., 2012) showed that this concept of asymmetric division could
also apply to the regulation of self-renewal versus differentiation
within the same lineage – in this case, radial glial cells. The vast
majority of radial glia cells undergo asymmetric cell division
within the developing CNS, generating a basal self-renewing
daughter and an apical cell that is prone to differentiate (reviewed
by Egger et al., 2011). In vivo time-lapse imaging at single cell
resolution combined with clonal analysis of individual radial glial
lineages revealed that Notch regulates this differential fate (Dong
et al., 2012). Asymmetric cell division in this system is established
by the intrinsic polarity regulator partitioning defective protein 3
(Par3). Par3 segregates mindbomb to the apical daughter cell and
thereby restricts Notch signaling to the basal daughter cell. The
resultant differential Notch activity promotes self-renewal in the
basal cell (high Notch) and differentiation of the apical daughter
(low Notch) (Fig. 3C). This elegant study illustrates how self-
renewal and differentiation segregates in asymmetrically dividing
neural stem/progenitor cells of the same lineage.
Table 1. Across species: the basic components of the Notch signaling pathway 
Notch pathway component C. elegans D. melanogaster D. rerio M. musculus 
Ligand (sending cell) LAG-2 
APX-1 
ARG-2 
F26B12.2 
Delta 
 
 
 
 
Serrate 
DeltaA (Dla) 
DeltaB (Dlb) 
DeltaC (Dlc) 
DeltaD (Dld) 
Dll-4 
Jagged 1a 
Jagged 1b 
Jagged 2 
Delta-like 1 (Dll1) 
Delta-like 3 (Dll3) 
Delta-like 4 (Dll4) 
 
 
Jagged 1 (Jag1) 
Jagged 2 (Jag2) 
Receptor (receiving cell) LIN-12 
GLP-1 
Notch Notch1a 
Notch1b 
Notch2 
Notch3 
Notch1 
Notch2 
Notch3 
Notch4 
DNA-binding protein (CSL) LAG-1 Suppressor of Hairless [Su(H)] RBP-J RBP-J (CBF) 
RBP-Jl 
Notch ligands, Notch receptors and nuclear transcription factors from differents species. Caenhorabditis elegans, Drosophila melanogaster, Danio rerio and Mus 
musculus are shown. 
CBF, C-promoter binding factor 1; CSL, CBF1, Su(H) and LAG-1.  
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Notch: a key regulator of adult NSCs
In the postnatal or adult brain, NSCs are found in the subventricular
zone (SVZ) and the subgranular zone (SGZ), and continue to
produce neural cells throughout life. Notch components, although
broadly expressed throughout brain tissue, are also found in cells
of the SVZ and the SGZ, suggesting that Notch might regulate
postnatal NSCs (Stump et al., 2002; Irvin et al., 2004; Givogri et
al., 2006). Consistent with this possibility, Notch activity was
detected in postnatal or adult NSCs using different reporter mice
(Ehm et al., 2010; Imayoshi et al., 2010; Lugert et al., 2010; Smith
et al., 2012). Conditional gain- and loss-of-function studies
demonstrated that Notch regulates quiescence and cell cycle exit of
NSCs. In the telencephalic germinal zone of the adult zebrafish,
NSCs transit between quiescence and proliferation. High Notch
activity was shown to maintain NSCs in a quiescent state, whereas
blocking Notch resulted in immense NSC division followed by
differentiation and increased numbers of adult-born neurons,
leading to an exhaustion of the NSC pool (Chapouton et al., 2010).
This study also suggested that Notch signaling in NSCs might be
controlled by a lateral inhibition-like mechanism, resulting in
equilibrium between NSC quiescence and generation of
proliferating progenitors. Similar results were obtained in mice
with conditional ablation of RBP-J in the adult brain, leading to
differentiation of all NSCs into transit-amplifying cells and
neurons. As a result, neurogenesis increased transiently, but later
all NSCs were depleted and neurogenesis was completely lost
(Ehm et al., 2010; Imayoshi et al., 2010). These results indicate an
absolute requirement of Notch signaling for the maintenance of
NSCs and a for the proper control of neurogenesis in both
embryonic and adult brains.
Little is known about how Notch signaling within the NSC niche
is regulated. Jagged 1 (Jag1) is expressed on ependymal cells and
astrocytes, and is necessary for NSC maintenance in the early
postnatal brain, implicating ependymal cells and astrocytes as niche
components (Nyfeler et al., 2005). It therefore is likely that Jag1
activates Notch1 on NSCs, thus preventing differentiation and SC
exhaustion. The Delta-like 4 ligand also appears to promote the
generation of neural precursor cells in the adult rat brain
(Androutsellis-Theotokis et al., 2006). Another study suggested
that NSCs could be regulated through crosstalk between the
epidermal growth factor receptor (EGFR) and Notch signaling
pathways (Aguirre et al., 2010). Transgenic mice overexpressing
EGFR in neural progenitors have increased numbers of transient
amplifying cells, presumably as a consequence of EGFR-induced
cell expansion. Interestingly, this correlated with reduced NSC
number and self-renewal. Moreover, the study showed that EGFR-
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Fig. 2. Notch function in the developing nervous system
of Drosophila and vertebrates. (A) Lateral inhibition within
the developing nervous system of Drosophila. The role of
Notch signaling during selection of neuroblasts (NBs) in the
CNS or sensory organ precursor (SOP) cells in the peripheral
nervous system from a proneural cluster of equipotent cells is
shown (yellow). These equipotent cells express the same
amount of receptors and ligands. Thus, Notch signaling levels
are equal among individual cells within the cluster. As a result
of a stochastic event, individual cells within the cluster start
expressing higher levels of Notch ligands (blue). More ligands
on the cell surface (blue) can now engage more receptors in
neighbouring cells (red) and thereby elicit a stronger Notch
signal compared with the ligand-expressing cell (blue). Notch
signal receiving cells (red) are inhibited from developing into
either a NB or SOP cell, and therefore differentiate into
ectoderm (red). By contrast, Delta-like-expressing cells (blue,
Notch signal initiating cells) will adopt either a NB or SOP cell
fate. At the molecular level, Notch signaling results in the
repression of proneural genes. Proneural genes will only be
activated in neuroectodermal cells that have low or no Notch
signaling and as a result become NBs or SOP cells. (B) Notch
signaling regulates self-renewal (curved green arrows) of
developing and adult neural stem cells, preserving the neural
stem cell pool. Notch also promotes gliogenesis (straight
green arrow), whereas oligodendrocyte and terminal
differentiation of neurons are inhibited (red capped bars).
Box 2. Notch signaling moving in waves
More recent work from the zebrafish retina has provided a deeper
geometric understanding of how Notch signaling is triggered
between ligand-expressing neurons and receptor-expressing
progenitors (Del Bene et al., 2008). The nuclei of retinal progenitors
move between the apical and basal surfaces of the neuroepithelium
in phase with their cell cycle, a process known as interkinetic
nuclear migration (INM). Interestingly, Notch receptors and ligands
are expressed in a graded fashion along the apicobasal axis, such
that Notch receptor expression is higher apically, whereas ligand
expression predominates in the basal region of cells. Consistent with
this expression pattern, Notch activity is highest on the apical side
of the neuroepithelium. Zebrafish mutants with altered INM, where
nuclei migrate faster and deeper into the basal part of the
neuroepithelium, will receive fewer Notch signals, resulting in
premature cell cycle exit and increased neuronal differentiation (Del
Bene et al., 2008). Additional work on the zebrafish retina
suggested that Notch signaling is not only influenced by the apical-
basal polarity of the neuroepithelium, but that Notch itself is
involved in setting up this polarity (Ohata et al., 2011). In view of
these data, it is tempting to speculate that such polarity of the
neuroepithelium is used to coordinate Notch signaling with cell
division and differentiation within the spatial context of the
developing tissue.
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expressing progenitor cells could suppress Notch signaling in
NSCs by a non-cell autonomous process that leads to upregulation
of Numb, the negative regulator of Notch. A reciprocal phenotype
with reduced Numb levels and increased NSC self-renewal was
observed in cells from waved 2 mutant mice, which carry a point
mutation in the EGFR tyrosine kinase domain, resulting in
decreased EGFR activity. This work thus clearly demonstrates that
crosstalk between stem and progenitor cells is involved in
Table 2. Notch signaling in different somatic stem cells – mechanisms and strategies 
A Developing embryo 
Organism Neuronal stem cell Muscle stem cell Intestinal stem cell Hematopoietic stem cell 
Drosophila Notch signaling specifies 
individual cells to become 
neural progenitors – either 
NBs in the CNS or SOP cells in 
the PNS 
Notch signaling specifies 
alternative cell fates through 
asymmetric cell division 
Not discussed Not discussed Not discussed 
Zebrafish Notch regulates self-renewal 
versus differentiation 
through asymmetric cell 
division within the same 
lineage 
Notch signaling promotes 
oligodendrocyte precursors 
but inhibits terminal 
differentiation  
Not discussed Not discussed Wnt, Delta and Notch signaling 
pathways act separately, 
earlier and non cell-
autonomously across multiple 
cell types to induce HSCs 
Notch signaling is dispensable 
for primitive hematopoiesis 
but regulates definite 
hematopoiesis mediated by 
the Runx1 transcription factor 
Mouse Notch inhibits neuronal 
differentiation in the 
developing mouse brain, as 
shown through loss-of-
function studies and gain-of-
function studies 
Notch promotes differentiation 
along the astrocyte lineage 
Notch promotes self-renewal 
of Pax3/Pax7-positive 
progenitor cells in the 
dermomytome 
Notch inhibits terminal 
differentiation of muscle 
progenitors by 
transcriptional repression of 
myogenic genes 
Notch maintains a stem cell 
niche for satellite cells 
between the basal lamina 
and plasma membrane of 
the muscle myofibers 
Not discussed Notch signaling is not required 
to generate primitive 
hematopoietic progenitors in 
the yolk sac 
Notch1 signaling is essential to 
generate definite HSCs from 
endothelial cells in the AGM 
and acts in a cell-autonomous 
way to generate definite LT-
HSCs 
The Jag1 ligand and Notch1 
receptor interaction within the 
AGM region is directly 
associated with definite HSC 
generation. Whether 
expression of Dll1 or Dll4 in 
the AGM could also trigger 
sufficient Notch signaling 
remains unresolved. 
B Adult 
Organism Neuronal stem cell Muscle stem cell Intestinal stem cell Hematopoietic stem cell 
Drosophila Not discussed Not discussed ISCs express Delta ligand, 
whereas EB cells express 
Notch receptor 
Notch regulates ISC self-
renewal and terminal 
differentiation of EBs into 
ECs  
Not discussed 
Zebrafish Notch maintains NSC 
quiescence 
Not discussed Not discussed Constitutive Notch signaling 
expands hematopoietic 
precursor cells 
Mouse/rat Notch maintains NSCs  Activation of Notch signaling 
in mouse myoblasts inhibits 
differentiation of 
progenitors 
RBP-J-mediated Notch 
signaling regulates self-
renewal of Pax+ satellite 
cells and represses myogenic 
gene expression 
Notch signalling via Notch1 
and Notch2 receptors is 
active in the ISCs, and 
Paneth cells present Dll4 
ligand  
Notch signaling regulates 
proliferation of ISCs and 
their terminal differentiation 
into an absorptive lineage in 
the intestine  
Multiple genetic loss-of-function 
studies revealed that Notch 
signaling is not essential in 
adult HSCs 
HSCs can be expanded by 
constitutive Notch activation in 
vitro 
The major functions of Notch signaling in selected stem cell compartments across different species. 
AGM, aorta gonad mesonephros; CNS, central nervous system; Dll4, Delta-like 4; EB, enteroblast; EC, enterocyte; HSCs, hematopoietic stem cell; ISCs, intestinal stem 
cell; LT-HSCs, long-term HSCs; NB, neuroblast; NSCs, neural stem cells; PNS, peripheral nervous system; SOP, sensory organ precursor. 
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regulating cell homeostasis in the postnatal brain, and involves two
specific signaling pathways (Aguirre et al., 2010).
Notch signaling has also been implicated in the stem cell-
mediated response to injury. Using an injury model of focal brain
ischemia, administration of Delta-like 4, together with fibroblast
growth factor 2 (FGF2), resulted in improved motor skills of
injured rats. Control groups treated with either FGF2 or Delta-like
4 alone did not show any improved motor scores, suggesting that
– at least in this particular model – Notch cooperates with FGF2
signaling to induce expansion of neural stem or progenitor cells
after injury (Androutsellis-Theotokis et al., 2006).
Taken together, these studies clearly suggest that Notch is a
gatekeeper of adult NSCs. However, Notch function in the adult
brain goes beyond being a key regulator of NSCs, as it is involved
in regulating migration, neurite outgrowth, survival and synaptic
plasticity of neurons (for reviews, see Ables et al., 2011; Pierfelice
et al., 2011).
Notch and muscle SCs
Neurogenic Notch mutations in Drosophila are known to cause
muscle defects, indicating that Notch signaling is involved in the
regulation of myogenesis (Poulson, 1937; Bate et al., 1993). This
notion was reinforced almost two decades ago in studies using the
mouse myoblast cell line C2C12. Overexpression of the Notch
intracellular domain (NICD) in C2C12 myoblasts or their co-
culture with Jag1-expressing fibroblasts led to a block in muscle
differentiation, preventing the formation of multinucleated
myofibres (Kopan et al., 1994; Lindsell et al., 1995). These studies
suggest that Notch signaling inhibits differentiation of early muscle
progenitors as it does in neural precursors.
Muscle development in vertebrates
In vertebrates, muscle development occurs in three distinct phases:
embryonic, fetal and postnatal. During embryonic development,
muscle progenitors are derived from somites, which are
compartmentalized into dermomyotomes (giving rise to skeletal
muscle and parts of the dermis) and sclerotomes (from which bones
and ribs are derived). Expression of the paired-box/homeodomain
transcription factors Pax3 and Pax7 marks myogenic stem and
progenitor cells within the developing dermomyotome (Kassar-
Duchossoy et al., 2005; Relaix et al., 2005). These Pax3/7-positive
cells initiate expression of muscle regulatory factors (MRFs),
including Myf5 (myogenic factor 5) Mrf4 (Myf6), MyoD (Myod1,
myogenic differentiation 1) and Mef2c (myogenic enhancer factor
2C), which drives progenitors to the muscle lineage (Rudnicki et
al., 1993; Edmondson et al., 1994; Kassar-Duchossoy et al., 2004).
Subsequently, the muscle progenitors exit the cell cycle, express
the transcription factor myogenin and fuse to form multinucleated
myotubes (Buckingham and Vincent, 2009). At late fetal stages,
Pax3/7-positive cells relocalize to a specific microenvironment
adjacent to muscle fibers under the basal lamina (Kassar-
Duchossoy et al., 2005). These cells, which originate from the
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Fig. 3. Notch in asymmetrically dividing progenitor and stem cells. (A) A mechanosensory bristle of Drosophila consisting of four cells: a hair
cell, a socket cell, a sheath cell and a neuron. (B) Once a sensory organ precursor (SOP) cell has been generated within the proneural cluster in the
ectoderm it undergoes three rounds of asymmetric cell division to form the different cell types of a sensory bristle (Bardin et al., 2004). The first
division gives rise to two cells (IIa and IIb), then IIb divides further into IIIb and into a glial cell that undergoes apoptosis. The final division of IIa
generates the hair and socket cells (outer cells), while IIIb gives rise to a neuron and a sheath cell (inner cells) of the terminally differentiated organ.
Asymmetric Notch signaling (N) is necessary at each cell division to specify cell fates: the Notch inhibitor Numb is asymmetrically distributed
between the two daughter cells (orange), resulting in high Notch signaling in one daughter, and low activity in the other. (C) Notch-mediated
regulation of self-renewal and differentiation of asymmetrically dividing radial glial cells in the developing zebrafish brain. During radial glial cell
division, the ubiquitin E3 ligase mindbomb (Mib), which is necessary for ligand endocytosis, segregates to the apical daughter cell, through a
process involving partitioning defective 3 (Par3). Asymmetric localization of mindbomb and a Delta ligand (Dla) induces Notch signaling in the more
basal daughter cell. Basal cells with high Notch signaling self-renew, whereas more apical cells differentiate.
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Pax3/7-positive cells of the dermomyotome, persist in a quiescent
state in the adult, where they are known as satellite cells and are
marked by continued Pax7 expression (Seale et al., 2000)
(Schienda et al., 2006) (Fig. 4). Recent studies have shown that
Pax7-positive satellite cells exhibit SC properties as they give rise
to viable muscles when transplanted into the tibialis anterior
muscles of Pax7DTR/– mice (Sambasivan et al., 2011). Moreover,
these cells are crucial for muscle regeneration: injury drives
quiescent satellite cells back into the cell cycle, inducing myoblast
proliferation and differentiation, and hence regeneration of lost
muscle fibers. During this process, new satellite cells are formed to
replenish the SC pool and ensure muscle cell homeostasis
(Sambasivan and Tajbakhsh, 2007; Brack and Rando, 2012).
Injured muscle tissue fails to regenerate following ablation of Pax7-
positive satellite cells, highlighting the role of these cells in muscle
regeneration (Sambasivan et al., 2011).
Notch regulates SC maintenance in the developing muscle
The early in vitro Notch gain-of-function experiments mentioned
above implicated Notch signaling in regulating muscle progenitors.
However, conclusive evidence was obtained only with genetic loss-
of-function studies. Conditional inactivation of RBP-J in the
dermomyotome during embryogenesis leads to an exhaustion of the
Pax3/7 muscle progenitor cell pool accompanied by an increase in
the MyoD-positive population in the myotome (Vasyutina et al.,
2007). This produced a postnatal skeletal muscle deficit
(Sambasivan et al., 2011). A strikingly similar phenotype was
observed in mice harboring hypomorphic alleles of the Notch
ligand Delta-like 1 (Schuster-Gossler et al., 2007). The muscle
progenitor cell depletion caused by the loss of Notch signaling can
be rescued by genetic ablation of MyoD, although satellite cells in
these mice fail to assume the appropriate position between the basal
lamina and plasma membrane of myofibers (Bröhl et al., 2012).
These data suggest that Notch signaling not only plays a role in
maintenance of muscle progenitor cells, but also ensures proper
homing of satellite cells to their niche.
Notch signaling is also involved in homeostasis and regeneration
in the adult. Using Notch reporter mice combined with gene
expression analysis of Notch target genes, the pathway was shown
to be active in quiescent satellite cells (Bjornson et al., 2012). Upon
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Fig. 4. Role of Notch in muscle development and stem cell maintenance. (A) During myogenesis, Pax3+Pax7+ muscle progenitor cells (MPCs)
give rise to undifferentiated MyoD-positive myoblasts. Further fusion of myoblasts generates multinucleated myofibers expressing differentiation
markers such as myosin heavy chain (MHC), MyoD and myogenin. The basal lamina adjacent to differentiated myofibers acts as a niche for satellite
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cells. During fetal and postnatal myogenesis, Notch-driven transcriptional activation of Pax7 ensures self-renewal of MPCs and satellite cells. In
addition to promoting self-renewal of MPCs and satellite cells, activated Notch signaling also inhibits their premature terminal differentiation into
skeletal muscle via transcriptional repression of myogenic genes. Notch signaling cooperates with hypoxia inducible factor 1α (HIF1) and bone
morphogenetic protein (BMP) signaling to induce expression of Notch target Hes and Hey family of transcriptional factors (TFs). The Hes and Hey
family of TFs further repress the transcriptional activation of myogenic genes, thus blocking the terminal differentiation of MPCs and satellite cells.
In the course of muscle regeneration, Notch signaling is downregulated, accompanied by an upregulation of Wnt signaling. This allows the satellite
cells to exit the quiescence stage and enter cell cycle; activation of myogenic genes such as MyoD, myogenin and MHC further drive their terminal
differentiation into multinucleated muscle fibers. D
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injury, Notch activity is downregulated, which drives cells out of
quiescence. Loss of RBP-J in adult satellite cells negatively affects
muscle regeneration owing to premature differentiation and hence
depletion of satellite cells. Interestingly, most of these cells
differentiated without cell cycle entry (Bjornson et al., 2012;
Mourikis et al., 2012) (Fig. 4). The importance of Notch signaling
in satellite cell maintenance was further shown in aged animals,
which exhibit a loss of Notch signaling in muscle cells, thus
depleting the satellite cell pool required for muscle regeneration.
Ectopic expression of Notch in aged muscle restores the
regenerative potential of satellite cells (Conboy et al., 2003). Thus,
in muscle, as in the nervous system, Notch signaling is crucial for
the maintenance of self-renewing progenitor cells during
development, as well as in the adult.
Mechanistic insights into Notch function in the adult
muscle
How Notch signaling restores the regenerative potential of aged
muscle cells or how it inhibits differentiation of muscle stem and/or
progenitor cells is unclear. However, data suggest that Notch might
regulate self-renewal of satellite cells through direct transcriptional
regulation of Pax7 (Wen et al., 2012): NICD and RBP-J have been
shown to bind RBP-J consensus sites within the promoter region
of Pax7 (Wen et al., 2012). Constitutive activation of Notch
signaling in satellite cells promotes their self-renewal via
upregulation of Pax7, and maintains them in an undifferentiated
stage by transcriptional repression of MyoD and myogenin via the
Hes and Hey family of transcriptional repressors (Wen et al., 2012).
Earlier studies suggested that NICD could directly interact with
Mef2c, blocking its transcriptional potential to activate myogenic
genes (Wilson-Rawls et al., 1999). Similarly, the Notch target Hey1
transcriptionally represses key myogenic genes, including
myogenin and Mef2c, preventing differentiation of muscle
progenitors into multinucleated myotubes (Buas et al., 2010).
Notch signaling also influences myogenesis through cooperation
with other signaling pathways. Bone morphogenetic protein (BMP)
signaling induces proliferation of satellite cells and plays a role in
blocking their premature differentiation (Ono et al., 2011). In this
context, BMP4/SMAD1 signaling promotes Notch-dependent
activation of Hes1 and Hey1 to inhibit differentiation of satellite
cells and C2C12 myoblasts (Dahlqvist et al., 2003). In addition,
hypoxic conditions block muscle differentiation and promote an
undifferentiated cell state through direct interaction of hypoxia-
inducible factor 1 (HIF1) with NICD, resulting Hes1 and Hey2
expression (Gustafsson et al., 2005).
Finally, crosstalk between Notch and Wnt signaling in satellite
cells seems to regulate the transition from an undifferentiated to a
differentiated state during postnatal myogenesis. In satellite cells
with high Notch and low Wnt signaling, glycogen synthase kinase
3 (GSK3) facilitates a switch to low Notch and high Wnt
activity, which then drives muscle differentiation. Inhibition of
Notch signaling in regenerating muscle leads to upregulation of
Wnt pathway activity and premature muscle differentiation.
Therefore, the temporal crosstalk between Notch and Wnt is part
of a mechanism that ensures proper proliferative expansion
followed by differentiation to allow correct myogenesis (Brack et
al., 2008). The exact molecular mechanism regulating the
inhibition and activation of Notch and Wnt, respectively, through
GSK3, needs further investigation (Brack et al., 2008) (Fig. 4).
In summary, Notch signaling plays a crucial role in the
maintenance and self-renewal of muscle SCs in the embryo and
adult. Whether the interplay between Notch and other signaling
cascades can be exploited for therapeutic intervention in muscle
degenerative diseases remains to be seen.
Notch regulates differentiation in the Drosophila
intestine
The posterior midgut in Drosophila is a well-established model
system for studying intestinal SC biology. Intestinal SCs (ISCs) in
the midgut divide asymmetrically to give rise to an intermediate
cell type called the enteroblast (EB). EBs further differentiate into
either an enterocyte (EC) or an enteroendocrine (EE) cell. EE cells
are marked by the expression of the transcription factor Prospero,
while ECs can be identified by the expression of Pdm1 (Nub) and
their ability to undergo endoreplication. ISCs have also been shown
to undergo symmetric cell division, giving rise to either two ISCs
or two committed cells (Micchelli and Perrimon, 2006; Ohlstein
and Spradling, 2006; de Navascués et al., 2012).
Micchelli and Perrimon identified ISCs as escargot-positive cells
that express the Notch ligand Delta (Micchelli and Perrimon,
2006). By contrast, EBs express the Notch receptor, receiving
signals from the Delta-positive ISCs (Micchelli and Perrimon,
2006) (Fig. 5A). Notch signaling in the Drosophila midgut has
been proposed to regulate SC maintenance, differentiation and
proliferation in coordination with various signaling pathways. The
interaction of the Hairless and Su(H) complexes primarily dictates
self-renewal versus differentiation of ISCs: Hairless-mediated
repression of Su(H) in ISCs leads to a downregulation of the Notch
target gene Enhancer of split, thus maintaining the self-renewal
properties of ISCs (Bardin et al., 2010). Notch activation also
regulates the proliferative index of ISCs. Functionally, loss of
Notch signaling in temperature-sensitive Drosophila strains
(harboring mutations in the Notch locus) causes an expansion of
escargot+ ISCs, whereas Notch overactivation leads to decreased
proliferation of ISCs (Micchelli and Perrimon, 2006).
Genetic loss- or gain-of-function studies in Drosophila also
suggest that Notch signaling in EBs plays an active role in lineage
commitment and terminal differentiation into the EC population
(Micchelli and Perrimon, 2006; Ohlstein and Spradling, 2006;
Ohlstein and Spradling, 2007; Takashima et al., 2011). In
Drosophila midgut, the strength of Notch signaling, facilitated by
post-translational modification of the receptor by GDP-mannose
4,6-dehydratase (GMD) and O-fucosyltransferase 1, differentially
regulates lineage commitment versus terminal differentiation of
ISCs (Perdigoto et al., 2011). GMD and O-fucosyltransferase 1
promote a higher level of Notch activation, which is required for
lineage commitment of ISCs, whereas low levels of Notch
signaling are sufficient to induce terminal differentiation in EBs
(Perdigoto et al., 2011).
In addition to the Notch pathway, several others are implicated
in regulating ISC proliferation, including EGFR, Wnt and JAK-
STAT (Biteau and Jasper, 2011; Xu et al., 2011). One of the
potential mechanisms by which Notch negatively regulates ISC
proliferation is by antagonizing JAK-STAT signaling (Bertrand et
al., 2010). JAK-STAT activity in ISCs is required for cell cycle
entry from quiescence. Notch signaling has been proposed to
inhibit transcription of the JAK-STAT ligand gene unpaired,
thereby blocking pathway activation. This leads to a block in
proliferation of ISCs (Liu et al., 2010b). Moreover, Notch signaling
has also been shown to keep a check on stress-induced proliferation
of ISCs by inhibiting Jun N-terminal kinase (JNK) signaling in
aging flies (Biteau et al., 2008).
In summary, Delta-mediated Notch signaling between ISCs and
EBs plays a crucial role in homeostasis of the midgut in the fly. In
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Drosophila, Notch pathway activation dictates symmetrical division
of ISCs and controls their proliferation via the JAK-STAT and JNK
pathway. In addition, the levels of Notch signaling also determine
cell fate decisions in ISCs, thus maintaining the appropriate numbers
of EC and EE cells in the Drosophila intestine.
Notch – a stem and progenitor gatekeeper in the
murine intestine
In contrast to the Drosophila midgut ISCs, mouse ISCs give rise to
ECs and three secretory cell lineages [goblet cells, Paneth cells
(PCs) and EE cells] (Fre et al., 2009), and homeostasis in the small
intestine appears to be maintained by distinct populations of SCs.
Whereas the precise nature of these different populations, and the
relationships between them, are not fully understood, current data
suggest the existence of a long-lived pool of SCs marked by the
Polycomb group protein Bmi1, and a mitotically active pool
marked by Lgr5 (Barker et al., 2007; Sangiorgi and Capecchi,
2008). Data from clonogenic spheroid cultures suggest that the
Lgr5+ pool of SCs arise from Bmi1+ cells in the intestine (Barker
et al., 2007; Sangiorgi and Capecchi, 2008; Yan et al., 2012). In
fact, Bmi1+ cells can compensate for ablation of the Lgr5+ cell
population, thereby maintaining intestinal homeostasis (Tian et al.,
2011). Recent studies have also identified a third subset of ISCs.
This population is non-cycling and is marked by LRIG expression
(Powell et al., 2012; Wong et al., 2012). However, whether LRIG1+
ISCs give rise to different cell types in the intestine via or
independently of the Lgr5+ cell population needs to be established
by lineage-tracing experiments.
Lgr5+ stem/progenitor cells retain the ability to give rise to all
lineages of the intestinal epithelium (Sato et al., 2009). At the
bottom of the crypt, each Lgr5+ stem/progenitor cell is sandwiched
between PCs. These serve as a niche for Lgr5+ stem/progenitor
cells, providing them with important signaling cues required for
maintaining intestinal homeostasis. PCs express the Notch ligand
Delta-like 4 and several mitogenic factors, including Wnt3, Wnt11,
transforming growth factor  and EGF (Sato et al., 2011), which
help to maintain proliferation in neighboring Lgr5+ stem/progenitor
cells (Fig. 5B).
Notch and Wnt signaling play crucial roles in coordinating
proliferation and differentiation of ISCs in the intestine. Canonical
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Wnt signaling via transcription factor 4 has been shown to regulate
ISCs in the crypt compartment of the intestine (Korinek et al.,
1998). In addition to its role in the maintenance of ISCs, the Wnt
pathway also promotes differentiation of the secretory cell lineage
in the intestine (Pinto et al., 2003). Whether there is a direct
crosstalk between Notch and Wnt signaling in the intestine under
physiological conditions is not clear, but Notch signaling also plays
an important role in the maintenance of ISCs as well as their
commitment towards the absorptive lineage. Pharmacological
inhibition of the Notch pathway using -secretase inhibitors skews
differentiation towards the secretory cell fate (goblet cells) (Milano
et al., 2004). Similarly, intestine-specific inactivation of RBP-J
results in the conversion of proliferative crypt progenitor cells into
post-mitotic goblet cells. These results demonstrated that RBP-J-
mediated Notch signaling is essential for the maintenance of crypt
progenitors (van Es et al., 2005), and for the regulation of cell fate.
However, activation of Notch signaling leads to amplification of
the intestinal stem/progenitor pool, accompanied by a block in
differentiation of secretory cells (Fre et al., 2005). Definitive
evidence for Notch activity in ISCs came from lineage-tracing
experiments using specific reporter mice to follow the progeny of
ISCs that received a Notch1 signal. Eight months after Notch
activation, entire crypt villi were still labeled, demonstrating that
the Notch pathway is active in SCs that give rise to all progeny in
the intestine (Pellegrinet et al., 2011). The expression and
activation of Notch1 and Notch2 in ISCs was further confirmed by
independent studies using Notch1/2-CreERT2:R26 lacZ reporter
strains (Fre et al., 2011). Activation of Notch signaling in mouse
ISCs is in stark contrast to Drosophila, in which Notch is active in
EBs, but not in ISCs (Fig. 5A). As is the case for SCs in the
muscle, Notch signaling in the mouse intestine is essential for the
SC maintenance.
Genetic studies revealed the nature of the ligands and receptors
responsible for maintenance of the SC compartment in the mouse
intestine. Simultaneous ablation of both Notch1 and Notch2 in the
intestine phenocopies RBP-J loss of function, namely goblet cell
metaplasia and loss of proliferative stem/progenitors cells (Riccio
et al., 2008). Mechanistically, Notch signaling maintains the
proliferative crypt compartment via Hes1-mediated repression of
the cyclin-dependent kinase (CDK) inhibitors p27Kip1 and p57Kip2
(Cdkn1b and Cdkn1c) (Riccio et al., 2008). Simultaneous
inactivation of Hes1, Hes3 and Hes5 in the small and large intestine
leads to an accumulation of secretory cells and to a decrease in
proliferation within the crypt compartment (Ueo et al., 2012).
Similarly, in vivo studies identified Delta-like 1 and Delta-like 4 as
physiological ligands for Notch receptors in this context. Intestinal-
specific deletion of Delta-like 1 and Delta-like 4 triggers loss of the
SC compartment, as demonstrated by loss of the SC markers Lgr5,
olfactomedin 4 (Olfm4) and Ascl2 (Pellegrinet et al., 2011).
Furthermore, Notch inhibition by -secretase inhibitors or
antibodies against Notch1/Notch2 causes downregulation of Olfm4
in the intestine, identifying Olfm4 as a direct target of the pathway
(VanDussen et al., 2012).
In addition to its role in regulating proliferation and self-renewal
– executed via Hes-mediated repression of CDK inhibitors – there
appears to be a second independent function for Notch in
controlling cell fate. As mentioned above, loss of Notch promotes
goblet cell differentiation. The inhibitory effect of Notch on
secretory cell differentiation appears to be mediated by negative
regulation of mouse atonal homolog 1 (Math1; Atoh1). Math1
promotes the secretory cell fate commitment from progenitor cells
(Fig. 5B): loss of Math1 in the intestine leads to loss of the
secretory cell population, whereas gain-of-function causes an
accumulation of secretory cells at the expense of the absorptive EC
lineage (Yang et al., 2001; VanDussen and Samuelson, 2010).
Active Notch signaling in stem/progenitor cells of the intestine
favors the absorptive over the secretory cell fate (Ueo et al., 2012),
and the accumulation of secretory cells observed in the absence of
Notch signaling can be rescued by depletion of Math1.
Furthermore, Math1 has also been shown to regulate proliferation
in the crypt compartment, as loss of Math1 on a Notch-deficient
background re-establishes Hes1 expression, thus restoring
proliferation in the crypt compartment (Kim and Shivdasani, 2011).
In light of recent advances in the field of intestinal SC biology,
it is clear that the Notch pathway plays important roles in diverse
but strikingly similar ways in the intestinal tissue of mouse and
Drosophila. In the Drosophila midgut, ISCs present Delta ligand
to activate Notch signaling in the receptor-expressing EB cells,
while in mouse intestine, SCs express the Notch1 and Notch2
receptors, thus acting as a signal-receiving cells, with the
neighboring PCs providing the ligand source. Thus, although Notch
is activated in different cell types in Drosophila midgut and mouse
intestine, it regulates SC maintenance, proliferation and lineage
commitment in both species.
Notch signaling in hematopoietic SC ontogeny –
parallels in fish and mice
Sites of embryonic hematopoietic SC development
Embryonic hematopoietic development in vertebrates can be divided
into two distinct phases: primitive and definitive hematopoiesis. In
mice, primitive hematopoiesis occurs in an extra-embryonic site, the
yolk sac, whereas, in zebrafish, the primitive wave is initiated in two
intraembryonic sites – the anterior and the posterior lateral
mesoderm. During primitive hematopoiesis in both species, transient
populations of progenitors give rise to erythrocytes and macrophages
(de Jong and Zon, 2005; Cumano and Godin, 2007). During the
second phase of definitive hematopoiesis, which originates mostly
from the aorta-gonad-mesonephros (AGM) region, as well as the
placenta in mammals and the ventral wall of the dorsal aorta (DA)
in zebrafish, definitive hematopoietic SCs (HSCs) are generated.
These cells give rise to the full range of blood cells in the embryo
and throughout adulthood.
Elegant studies in zebrafish and the mouse embryo showed that
a subset of endothelial cells move out from the ventral wall of the
DA into the sub-aortic space and transform into presumptive HSCs
by a process termed endothelial hematopoietic transition (Bertrand
et al., 2010; Boisset et al., 2010; Kissa and Herbomel, 2010; Lam
et al., 2010). Using fluorescent reporter transgenes in zebrafish
embryos, Bertrand et al. visualized and identified the stepwise
intermediates as aortic hemogenic endothelium transitions, giving
rise to nascent HSCs (Bertrand et al., 2010) in the sub-aortic space.
From there, the newly generated HSCs enter the circulation and
home either to the thymus or to the pronephros kidney to allow for
expansion and development. Boisset et al. showed in the mouse
embryo that de novo definitive HSCs arise directly from ventral
aortic endothelial cells, which shed into the lumen of the DA
(Boisset et al., 2010). HSCs then enter the circulation and home to
the fetal liver for expansion and differentiation.
During these successive hematopoietic processes, many different
signaling pathways, such as Notch, Wnt, Hedgehog, VEGF, Bmp
and FGF have been demonstrated to be crucial for different stages
of HSC development. Below, we focus on the role of Notch
signaling during embryonic, as well as adult, HSC development
and maintenance, bridging data from fish and mice.
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Notch – a driving force in definitive hematopoiesis
Several studies have revealed the importance of Notch signaling
for vascular morphogenesis and arterial specification (Box 3). As
hemogenic endothelium in the DA is the key site for definitive
hematopoiesis where HSCs first emerge in vertebrates, it is
important to address whether failure of arterial specification
hampers HSC emergence. Here, we discuss the effects of Notch
signaling on HSC specification and whether they are independently
regulated from vascular development and arterial versus venous
fate specification.
The initial connection between definitive hematopoiesis and a
role for Notch signaling was made by Kumano et al., who showed
in mouse that Notch1 is essential for generating hematopoietic cells
from endothelial cells in the AGM (Kumano et al., 2003). By
contrast, they found that loss of Notch had no effect on primitive
hematopoietic progenitors generated in the yolk sac. A study using
blastocyst chimeras to discriminate between cell-autonomous and
non-cell-autonomous effects of Notch signaling revealed that
Notch1 is required in a cell-autonomous manner for the
establishment of long-term definitive HSCs (Hadland et al., 2004).
The essential role of Notch signaling in the generation of HSCs
was also confirmed using RBP-J-deficient animals (Robert-Moreno
et al., 2005), and mice with a conditional ablation of mindbomb 1
(Yoon et al., 2008b). Although these embryos are deficient in
AGM-derived HSCs, they contain primitive progenitors in the yolk
sac.
Although these loss-of-function studies suggested an important
role for Notch in the generation of HSCs during embryonic
development, this could simply be a consequence of impaired
arterial cell fate specification and vasculogenesis. This uncertainty
was resolved by showing that Jag1-, but not Jag2-null embryos
failed to generate hematopoietic progenitors within the AGM
region, but importantly maintained the arterial cell fate (Robert-
Moreno et al., 2008). Therefore, Notch is directly associated with
the generation of HSCs, independently of its role during
vasculogenesis.
The list of molecular downstream targets of Notch signaling
implicated in HSC generation during definitive hematopoiesis is
not extensive. This is mostly due to the inability to distinguish
between Notch targets required to induce arterial specification and
those required for HSC generation. Runx1 (Runt-related
transcription factor 1), a transcription factor that is essential for
HSC emergence during the endothelial to hematopoietic cell fate
conversion, but not thereafter (Chen et al., 2009), functions
together with CREB-binding protein  and is a proposed
downstream target of Notch signaling (Burns et al., 2005).
However, direct regulation of Runx1 through Notch has yet to be
shown. Nevertheless, the finding that Runx1 is downregulated in
Notch1 and Rbpj mutant embryos, and, more importantly, that
retroviral overexpression of Runx1 in Notch-deficient
prehematopoietic precursor cells is sufficient to rescue
hematopoietic potential, indicated that Runx1 is a key factor in
Notch1-RBP-J-mediated mammalian hematopoiesis (Nakagawa et
al., 2006).
Studies in zebrafish have also confirmed that Runx1 expression
is dependent on Notch and promotes HSC expansion (Burns et al.,
2005). Furthermore, the Hey2 homolog gridlock not only functions
in arterial specification (Box 3) but also plays a role in HSC
formation, as gridlock-deficient zebrafish embryos displayed
reduced expression of Runx1 (Rowlinson and Gering, 2010).
Chromatin immunoprecipitation assays have revealed that Notch1
is directly recruited to the gata2 promoter (Robert-Moreno et al.,
2005). Interestingly, abrogation of Notch signaling and
concomitant loss of Gata2 expression led to decreased Runx1
expression. Gata2 is involved in the regulation of Runx1
expression (Nottingham et al., 2007), providing a mechanistic
explanation for the regulation of Runx1 expression by Notch
(Fig. 6).
The identity of the ligands that mediate Notch signaling in the
AGM is incompletely understood. Jag1 but not Jag2 is essential for
the emergence of normal numbers of definitive HSCs from the
AGM (Robert-Moreno et al., 2008). However, other Notch ligands,
such as Delta-like 1 and Delta-like 4 are also expressed in the
AGM region (Robert-Moreno et al., 2008; Yoon et al., 2008b).
Conditional ablation approaches will be required to ascertain
whether these ligands play a specific role here.
An interesting observation made in zebrafish links non-canonical
Wnt signaling with the Notch cascade to specify HSCs non-cell-
autonomously (Clements et al., 2011). Wnt16, which is expressed
in somites, controls the emergence of HSCs by regulating somitic
expression of the Notch ligands DeltaC and DeltaD, which are
required for arteriovenous and HSC specification. However, loss
of Wnt16 resulted only in an HSC defect, rather than vascular
abnormality. Thus, the Wnt16-Delta-Notch pathway seems to act
separately from the traditional Hedgehog-VEGF-Notch cascade in
controlling artery-vein specification and emergence of HSCs.
Notch signaling in adult vertebrate HSCs – a controversy
resolved
Although the studies discussed above have now clearly defined a
role for Notch signaling in embryonic HSC development, the
Box 3. Notch signaling during vascular development –
artery specification
Studies in zebrafish already indicate a crucial role for Notch activity
not only in embryonic hematopoietic stem cell (HSC) development,
but also in vascular/angiogenic development. Given that arterial
specification can be viewed as an important prerequisite for HSC
emergence (Bertrand et al., 2010; Boisset et al., 2010; Kissa and
Herbomel, 2010), Notch activity in the vascular system may also
have an impact on hematopoiesis. A novel Notch signaling activity
in zebrafish was shown to modulate fate specification of endothelial
progenitors in the mesoderm, such that inhibition of Notch activity
at an early stage promoted endothelial cell production at the
expense of hematopoietic lineages (Lee et al., 2009). Moreover,
genetic analysis has revealed a crucial role for Notch activity in
mammalian vascular morphogenesis and artery specification (Krebs
et al., 2000): both Notch1-deficient mouse embryos and
compound-deficient embryos lacking Notch1 and Notch4 have
severe vascular defects and die in utero prior to embryonic day
10.5. These findings have been recapitulated with specific
conditional inactivation of Notch1 in endothelium (Limbourg et al.,
2005). Both studies highlight the essential role of Notch signaling
in the endothelium during vascular development and indicate a cell-
autonomous function. Targeted deletion of several other players in
the Notch signaling pathway, such as RPB-J (Krebs et al., 2004),
mindbomb 1 (Koo et al., 2005), or Hey1 and Hey2 (Fischer et al.,
2004), as well as Delta-like 4 (Duarte et al., 2004) were also shown
to be essential for arterial specification. Moreover, the Notch-
gridlock (Hey2 in mice) signaling axis regulates arterial versus venous
cell fate choice in zebrafish. Gridlock, which is normally considered
to be downstream of Notch signaling, was recently shown to act
upstream of Notch in this context: overexpression of the Notch
intracellular domain in gridlock mutants rescues the arterial
phenotype (Rowlinson and Gering, 2010).
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requirement for Notch signaling in generating adult HSCs has
remained controversial for many years. The Notch1 receptor was
first identified in human hematopoietic cells through its
involvement in a chromosomal translocation found in a small
cohort of children with T-cell acute lymphoblastic leukemia (T-
ALL) (Ellisen et al., 1991). Subsequently, Milner et al.
demonstrated that Notch is expressed in undifferentiated
progenitors from human bone marrow (BM) cells (Milner et al.,
1994). Notch signaling has since been shown to be essential for
several hematopoietic differentiation processes. For example, the
T- versus B-cell fate specification in the thymus is mediated
through a Notch1/Delta-like 4 interaction, and the emergence of
marginal zone B cells is dependent upon a Notch2/Delta-like 1
interaction (reviewed by Radtke et al., 2010). However, the role of
Notch signaling in adult vertebrate HSC maintenance remained
controversial, largely because gain- and loss-of-function studies
have not produced consistent results.
Multiple gain-of-function studies have suggested that Notch
signaling could expand undifferentiated hematopoietic progenitors,
including HSCs. Addition of soluble human JAG1 to ex vivo
cultures of purified human cord blood cells (Karanu et al., 2000)
or the in vitro culture of Lin–CD117+Sca1+ (KLS) mouse BM cells
in combination with an immobilized engineered DL1ext-IgG ligand
plus growth factors promote in vitro expansion of these progenitor
populations (Varnum-Finney et al., 2003). Subsequent
transplantation assays of either cell population into NOD/SCID
mice revealed their short-term reconstitution potential. However,
serial transplantability to ensure long-term SC potential was not
evaluated. Jag1-mediated Notch1 signaling has been implicated in
the expansion of long-term HSCs. Transgenic overexpression of an
activated parathyroid-hormone (Pth/Pthlh) mutant receptor in
osteoblasts led to the upregulation of Jag1 and to a concomitant
increase of NICD in HSCs. The resultant Notch-mediated HSC
expansion could be blocked in vitro by -secretase inhibitors (Calvi
et al., 2003). Nevertheless, it should be noted that constitutive
activation of Pth/Pthlh in osteoblasts could initiate HSC expansion
in different, Notch-independent, ways. Pth itself has a tremendous
impact on bone remodeling and induces secretion of several growth
factors, such as BMPs and insulin-like growth factor 1, which
could also influence HSC homeostasis (Whitfield et al., 2002;
Hadjidakis and Androulakis, 2006). Moreover, additional
trabecular bony structures and increased osteoblasts were observed
in these mice, a phenotype that is also observed in BMP receptor
1A-deficient animals that show a twofold increase in the number
of long-term HSCs. These data further support a tight connection
between Pth activation and BMP release (Zhang et al., 2003), and
thus alternative mechanisms to expand HSCs.
In other gain-of-function approaches, both in vivo and in vitro,
it has been shown that constitutive overexpression of NICD
preserved and/or expanded hematopoietic progenitors (Varnum-
Finney et al., 2000; Stier et al., 2002). In addition, a distinct role
for Notch2 in modulating progenitor growth and differentiation
was shown in ex vivo cultures using either Jag1 or Delta-like to
activate Notch2 in HSCs, which blocked myeloid differentiation
and enhanced the generation of multipotent progenitors
(Varnum-Finney et al., 2011). Immortalized endothelial cells
expressing the Notch ligands Jag1, Jag2, Delta-like 1 and Delta-
like 4 supported Notch-mediated expansion of a long-term HSC
fraction, and permitted their long-term reconstitution in lethally
irradiated mice (Butler et al., 2010), though only if signaling
through both Notch1 and Notch2 receptors occurred. Taken
together, these approaches revealed a significant impact of
increased Notch signaling on HSCs, resulting in substantial in
vitro expansion of progenitors.
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Fig. 6. Notch signaling drives
hematopoietic stem cell specification
during development. Notch signaling drives
cell-autonomous hematopoietic stem cell (HSC)
specification in the dorsal aorta (DA). The DA in
the aorta-gonad-mesonephros (AGM) region at
embryonic day 9 (E9) is shown. In the
enlargement, surrounding mesenchymal cells of
the DA are shown in blue, aortic endothelial
cells are in green and hemogenic endothelial
cells are in light red, transitioning to HSCs in
red. During vertebrate embryonic development,
aortic endothelial cells of the DA express Jagged
1 (Jag1), Delta-like 1 and Delta-like 4 ligands,
whereas cells destined to emerge as HSCs
express the Notch1 receptor. Interaction
between Jag1 and Notch1 is essential for HSC
specification. Newly generated HSCs emerge via
endothelial-to-hematopoietic transition (EHT)
and shed into the aortic lumen. From there, the
long-term HSCs (LT-HSCs) will seed the fetal
liver at E11 and proceed to self-renew. The final
prenatal destination (E17) is the bone marrow.
Notch signaling is dispensable for HSC
maintenance in the bone marrow – depicted as
crossed-out ligands, receptors and targets. Prior
to definite hematopoiesis, the yolk sac also
gives rise to a wave of primitive hematopoiesis.
Red circular arrows indicate HSC self-renewal.
N, notochord; NT, neural tube; S, somite.
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A promising modified approach is now being used in a clinical
phase 1 myeloablative cord blood transplantation trial. Ex vivo
expansion cultures of CD34+ cord blood progenitors in the
presence of Notch ligands show a more than 100-fold increase in
CD34+ cells, which efficiently repopulate immunocompromised
NOD.SCID IL-2 receptor  chain knockout (NSG) mice (Delaney
et al., 2010). This method could provide a powerful therapeutic
approach in light of the limited numbers of HSCs available, as it
would facilitate and expedite hematopoietic reconstitution.
Although this evidence shows that Notch signaling plays an
important role in the expansion and proliferation of multipotent
progenitors, it does not unambiguously prove that Notch signaling
is essential for HSCs subsequent to their emergence in the early
and postnatal embryo.
In contrast to the wealth of supportive data obtained by Notch
gain-of-function analysis, several genetic studies using loss-of-
function approaches have not identified an essential role for Notch
signaling in adult HSCs. Conditional deletion of either Jag1,
Notch1, Notch1 and Notch2 together, or Rbpj in adult HSCs show
no effect on HSC maintenance or proliferation (Radtke et al., 1999;
Mancini et al., 2005; Maillard et al., 2008). Similarly,
combinatorial deletion of Jag1 in BM stromal cells and inactivation
of Notch1 in HSCs revealed no effect on HSC maintenance,
therefore excluding an essential contribution of Jag1-mediated
Notch1 signaling for adult HSC self-renewal (Mancini et al., 2005).
However, these studies did not address the redundancy that could
result from expression of other Notch receptors or ligands in
hematopoietic tissues. This issue was subsequently addressed using
genetic approaches inhibiting all canonical Notch signals in adult
HSCs by conditional ablation of Rbpj, and in parallel experiments
where a dominant-negative (dn) MAML1 retroviral construct
(Maillard et al., 2008) was expressed in HSCs. Neither RBPJ-
deficient nor dnMAML1-expressing HSCs showed any HSC
defects in stringent SC assays (Maillard et al., 2008). Although
Notch1, Notch2 and Hes1 are expressed in HSCs, albeit at low
transcript levels (Maillard et al., 2008), a physiological role for the
transcriptional Notch target Hes1 has not been established in HSCs
(Wendorff et al., 2010). Consequently, these results provide
conclusive evidence that Notch signaling does not play an obligate
physiological role in adult HSC homeostasis under steady-state
conditions or in competitive and stress situations. Nevertheless,
although Notch signaling is dispensable in adult HSCs, the studies
showing that HSCs can be successfully expanded by Notch
activation in vitro may still prove useful, particularly for clinical
purposes (Fig. 6).
Conclusions
The role of Notch signaling in SCs has been the focus of many
scientists from different disciplines. Interplay between Notch
ligands and receptors influences stem and progenitor cell
maintenance, lineage specification mediated through either binary
cell fate decisions or lateral inhibition, and induction of terminal
differentiation (Dumortier et al., 2005). Drosophila, zebrafish and
murine SCs of the embryonic and adult nervous systems have been
shown to require Notch signaling to preserve the neuronal
stem/progenitor pool. As neurogenic Notch mutations in
Drosophila also caused muscle defects, Notch signaling was
implicated in regulation of myogenesis (Poulson, 1937; Bate et al.,
1993). It was also recently shown that Notch acts as a SC
gatekeeper in muscle progenitors during development and
adulthood. How Notch signaling restores the regenerative potential
of aged muscle cells or how it inhibits differentiation of muscle
SCs remains unknown. In intestinal SC biology, the Notch pathway
plays an important role in mice and flies. Whereas Notch signaling
is necessary for SC maintenance in mice, it is only important for
proper differentiation of intestinal progenitor cells in Drosophila.
An interesting exception is seen in the vertebrate hematopoietic
system where Notch signaling is essential for embryonic HSC
development but dispensable for adult HSCs. These findings are
summarized and compared in detail in Table 2. Efforts that merge
genetic approaches, cell culture and pre-clinical model systems
advance and strengthen our current understanding of Notch
signaling in SCs. How this can be exploited for therapeutic
interventions in disease remains to be seen.
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